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bstract
he purpose of this study was to record the time-course
iffusion of hydrogen peroxide through human dentin
rom a peroxide carbamide gel designed for the walking
leach technique in order to determine its optimal
enewal time. It was considered that the optimal re-
ewal rate corresponded to the time necessary to
chieve 80% of the maximal diffusion because a much

onger time does not involve further significant diffu-
ion. Thirty-six freshly extracted human premolars were
sed for this study. Eighteen were extracted for orth-
dontic reasons on patients under 20 years old (young-
eeth group). Eighteen were extracted for periodontal
easons on patients between 40 and 60 years old
old-teeth group). The teeth were endodontically
reated, and a flat defect was created at the enamel-
ementum junction. The teeth were suspended in vials
ontaining water, and the access cavities were filled
ith 20 �L of 20% hydrogen peroxide gel. The amount
f diffusing hydrogen peroxide was assessed at 1 hour,
4 hours, 48 hours, and 120 hours. The diffusive flux
nd the maximal diffusion were calculated as well as
he optimal renewal time. Hydrogen peroxide diffusion
hrough young teeth lasted 352 hours but lasted 291
ours through old teeth. Diffusive flux and maximal
iffusion were higher through young teeth than
hrough old teeth. The optimal renewal time for young
eethwas33hoursandforoldteethwas18hours.

ey Words
entin, diffusion, hydrogen peroxide
d

he intracoronal bleaching of pulpless teeth with hydrogen peroxide has been intro-
duced in the 19th century (1). It was only in 1963 that the term “walking bleach” was

iven to the technique, which is still used (2). Applying this technique implies hydrogen
eroxide diffusion through dentin in order to whiten discolored teeth. Hydrogen per-
xide is further decomposed into oxidizing agents such as hydroxyl radicals (3) and
ctive oxygen (4). These agents aim at the discoloration of the staining agents resulting
rom the release of hemoglobin and intratubular diffusion of hemoglobin byprod-
cts (5).

A shortcoming of such a whitening technique is the cervical root resorption that is
aused by bleaching in 3.9% of the cases (6). The mechanisms involved in root resorp-
ion of discolored teeth, after walking bleach, are not clearly understood (7). However,
everal studies have shown that hydrogen peroxide may be responsible for root resorp-
ion. External resorptions have been shown in an animal study only 3 months after
nternal bleaching when 30% hydrogen peroxide was used and heated (8). This re-
orption is a major consequence in young patients after traumatic injury of front teeth
hat may lead to tooth loss (9). The thermocatalytic technique also leads to the devel-
pment of external root resorptions (10). These observations are caused by the fact that
ydrogen peroxide diffusion through dentin increases on increasing the concentration
11, 12) and temperature (13). To reduce the external root-resorption risk, hydrogen
eroxide can be replaced by carbamide peroxide, which releases hydrogen peroxide
ore slowly and at lower concentrations than hydrogen peroxide (14).

Dentin is a permeable structure that allows diffusion of molecules, such as hydro-
en peroxide, resulting from peroxide carbamide degradation (15). The diffusion
hrough dentin follows Fick’s second law (16)

Js � A. D.
�C

�x

ith: Js � diffusive flux of solute (mol/s)
A � Surface area available for diffusion (m2)
D � Diffusion coefficient (m2/s)
C � Concentration (mol/m3)
�x � Diffusion distance (m)
It can be concluded, from the equation, that the diffusion stops when the concen-

ration of hydrogen peroxide is equivalent on both sides of the dentin. It would be
nteresting, from a clinical point of view, to know the time-course diffusion of hydrogen
eroxide from peroxide carbamide because the renewal rate of the bleaching agent
uring walking bleach remains empirical (7). For example, Ultradent Product Inc.
South Jordan, UT) recommends renewing Opalesence Endo, a 35% hydrogen perox-
de gel designed for the walking bleach technique, every 3 to 5 days until the desired
olor is achieved. Usually, this renewal takes place every week for practical reasons
ntil a satisfactory esthetic result is obtained. In vivo, the degradation of peroxide
arbamide gel used for vital bleaching has been investigated (17). However, to our
nowledge, the diffusive flux of hydrogen peroxide from peroxide carbamide through

entin, in the walking bleach technique, still remains to be investigated.
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The purpose of this study was to record the time-course diffusion
f hydrogen peroxide through human dentin, from a peroxide carbam-
de gel designed for the walking bleach technique, in order to determine
ts optimal renewal rate.

Materials and Methods
ooth Preparation

Freshly extracted human premolars were used for this study. The
elected teeth did not present any detectable caries or restoration. The
eeth were carefully removed with forceps, and soft-tissue remnants
ere gently cleaned without damaging the radicular cementum. The

eeth were examined under a binocular loop to eliminate the teeth with
igns of cracks and those with cementum defects. They were stored in
idistilled water at 4°C and used within 1 month after extraction.

They were divided into two groups called “young teeth” and “old
eeth” according to the patient age: (1) young teeth extracted for orth-
dontic reasons (age ranging from 12 to 20 years [n � 18]) and (2)
ld teeth extracted for periodontal reasons (age ranging from 41 to 62
ears [n � 18]).

After preparing an access cavity, a size 10 K-file was introduced
nto the canal in order to radiographically measure the working length
nd to clinically check the patency of the foramen. The root canals were
repared by the same operator to the cementodentinal junction with a
roFile device (Dentsply/Maillefer, Ballaigues, Switzerland) using a re-
uction handpiece coupled to an electric motor. A size 10 K-file was
sed between each ProFile to ensure the apical patency. Two milliliters
f 2.5% NaOCl were delivered with a 27-gauge needle after each file. The
inal rinse was performed with phosphate-buffered saline (PBS). The
eeth were then filled by using the lateral condensation technique with a
inc oxide-eugenol– based root canal sealer (Sealite; Pierre Rolland,
erignac, France) and gutta-percha points (Denstply/Maillefer). The

eeth were then stored for 1 day in an incubator, on a gauze sponge
aturated with PBS, at 37°C and 100% humidity to allow setting of the
oot filling materials.

tudy Model
A round carbide bur, rotating at a low speed, was used to eliminate

he filling material from the first 2 mm of the root and 1 mm of Cavit (3M
SPE, Seefeld, Germany) was placed. The cavity access was then thor-
ughly rinsed with PBS and visually inspected to eliminate any remnants.
he outer surface of the teeth was carefully covered with two layers of
hick nail varnish to fill any undetected defect. A rectangular class V
avity, 4 mm long and 2 mm high, was created above the cementum-
namel junction by using a high-speed diamond bur. The remaining
entine was measured with calipers to leave a 1-mm thickness. The
eeth were placed in vials containing 1 mL of bidistilled water in such a
ay that the class V cavities were below the water level allowing diffusion

rom the pulp chamber toward the water that was called the receiving
edium.

etermination of Hydrogen Peroxide Diffusion in Function of
ime

The same amount of bleaching agent was placed within the pulp
hamber of each tooth: 20 �L of 20% OPALESCENCE PF (Ultradent).
he receiving medium was removed at 1 hour, 24 hours, 48 hours, and
20 hours and immediately replaced by 1 mL of bidistilled water. The
mount of H2O2 that diffused through dentin at 1 hour, 24 hours, 48
ours, and 120 hours was measured with a colorimetric method based

n an oxidation-reduction reaction. P
Four additional teeth prepared and tested under the same condi-
ions but without class V cavities were used as the negative control to
nsure that no leak could occur.

ydrogen Peroxide Measurements Method
Quantification of hydrogen peroxide present within the receiving

edium was done using an oxidation-reduction reaction (18). One
illiliter of 35% H2O2 was added to 0.2 mL of 10 mmol/L ferrous

mmonium chloride. The released ferric ion reacted with 0.1 mL of 2.5
mol/L potassium thiocyanate to form a red-colored ferrithiocyanate

omplex. Serial dilutions of hydrogen peroxide (Merck, Darmstadt,
ermany) in bidistilled water, from 1 mol to 10�9 mol, were used to
stablish the standard curve. The optical density of the final solution,
ead at 480 nm, was proportional to the amount of H2O2 in the medium.
he concentration of hydrogen peroxide in the different receiving media
as calculated from the standard curve equation. All measurements
ere done in triplicate and averaged. The reagents’ readings served as
negative control.

tatistical Analysis
To establish the standard curve, a linear regression, by the method

f the least squares, was sought between the hydrogen peroxide quantity
nd the solution optical density. The significance level was set at 0.05.
he concentration variation over time was analyzed. A regression was
ought between hydrogen peroxide concentration and diffusion time:
(t). The significance level was set at 0.05.

The estimated time necessary for complete diffusion (EDT),
hrough young and old dentin, was calculated from f(t). This was not the
ime at which the curve f(t) crosses the x-axis because f(t) was expo-
ential. This means that the diffusion is never complete and that the
urve never crosses the x-axis. The EDT was the time at which the
iffusion was close to zero and the value of 10�10 mol/L was retained as

he diffusion end.
The estimated maximal diffusion was also determined from the

ata of this work. The maximal diffusion was the area between the same
urve f(t) and the x-axis given by the definite integral between the
eginning of diffusion and EDT:

�0

EDT
f(t)

he optimal renewal time was then determined from the equation f(t).
t was considered that the renewal time corresponded to the time nec-
ssary to achieve 80% of the estimated maximal diffusion because a
uch longer time will only lead to the remaining 20%. To compare

ydrogen peroxide diffusion through young and old dentin, an analysis
f variance was performed. The significance level was set at 0.05.

Results
tandard Curve

There was a linear correlation between hydrogen peroxide quan-
ity and the optical density (p � 0.001). The equation was y � 235.41x

0.0413, and the Pearson coefficient was R2 � 0.98.

oncentration Variation Over Time
In young teeth, there was a rapid diffusion within the first hour (1.1

10�6 mol/L) and twice lower after 24 hours (0.63 � 10�6 mol/L).
he diffusion was still noticeable after 48 hours (0.23 � 10�6 mol/L)
ut negligible at 120 hours (0.05 � 10�6 mol/L) (Table 1). There was
statistically significant inverse exponential correlation between the

oncentration in hydrogen peroxide and time for young teeth of which
he equation was as follows: y � 10�6 � e�0.026 t (p � 0.01), and the

earson coefficient was R2 � 0.98 (Fig. 1).
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In the old-teeth group, there was a rapid diffusion within the first
our (6.1 � 10�7 mol/L), which remained almost stable at 24 hours
4.3 � 10�7 mol/L). However, the diffusion decreased at 48 hours
0.48 � 10�7 mol/L) and reached the detection limit at 120 hours
0.081 � 10�7 mol/L) (Table 2).

There was also a statistically significant inverse exponential corre-
ation between the concentration in hydrogen peroxide and time for the
ld teeth of which the equation was as follows: y � 6 � 10�7 � e�0.037 t

p � 0.01), and the Pearson coefficient was R2 � 0.93 (Fig. 2).

DT Calculation
The diffusion time was longer for young teeth (352 hours) than for

ld teeth (291 hours). In young teeth, EDT was calculated from the
ollowing equation: 10�10 � 10�6 e�0.026t. In this case, the EDT was
52 hours; this means that the diffusion stops after 352 hours. In old
eeth, EDT was calculated from the following equation: 10�10 � 6 �
0� e�0.037 t. The EDT was equivalent to 291 hours. This indicates that

he diffusion stops after 291 hours.

alculation of the Maximal Hydrogen Peroxide Diffusion
Maximal hydrogen peroxide diffusion was higher for young teeth

2.31�06 mol) than for old teeth (1.14 � 10�6 mol). In young teeth,
he value was calculated from the following equation:

�t�0

t�352
(10�6 � e�0.026 t)

nd this value corresponds to 2.31�06 mol. Clearly, this means that in
52 hours, 2.31�06 moles can diffuse through young dentin, from the
0% peroxide carbamide gel. In old teeth, the value was calculated from
he following equation:

�t�0

t�291
(6 � 10�7 � e�0.037 t)

nd the maximal hydrogen peroxide diffusion corresponds to 1.14
10�6 mol. This reveals that, in 291 hours, 1.14 � 10�6 mol can

H2O2 diffusion through young dentin
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R2 = 0,9825
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igure 1. Correlation between hydrogen peroxide diffusion through young dentin
nd time. Diffusion is the inverse of an exponential curve (y � 10-6 � e-0.026 t) with

ABLE 1. Hydrogen Peroxide Diffusion Through Young Human Dentin, From a
0% Peroxide Carbamide Gel

Mean
Amount of

H2O2 (mole)

Standard
Deviation Minimum Maximal

t0 0 0 0 0
1h 1.1 � 10�6 9.7 � 10�7 6.3 � 10�8 2.7 � 10�6

24 h 6.3 � 10�7 4.7 � 10�7 2.1 � 10�8 1.6 � 10�6

48 h 2.3 � 10�7 1.7 � 10�7 0 5.7 � 10�7

120 h 5.0 � 10�8 6.6 � 10�8 0 2.3 � 10�7

he diffusion is high during the first hour before slowing down from 24 hours to 120 hours.
n asymptote never crossing the x-axis. a
iffuse through old dentin, from the same 20% peroxide carbamide
el.

These EDT and maximal diffusions are summarized in Table 3.

alculation of the Optimal Renewal Time
To calculate the optimal renewal time, a diffusion corresponding

o 80% of the maximal diffusion values was taken into consideration.
hus, in young teeth, the optimal renewal time, as calculated from the
quation 2.31�06 � 80% � 10�6 � e�0.026 t, was 33 hours. This value
eveals that the bleaching agents should be renewed every 33 hours to
aintain a constant high level of diffusion in young teeth. In old teeth,

his value correlates to 18 hours, as calculated from the following equa-
ion: 1.14 � 10�6 � 80% � 6 � 10�7 e�0.037 t. This means that, in
ld teeth, the hydrogen peroxide gel should be replaced every 18 hours.
or a better illustration of the significance of these calculations, the
umulative curve of hydrogen peroxide diffusion was established to
oint out the optimal renewal time (Fig. 3).

ntergroup Comparison
The four negative samples did not show any hydrogen peroxide

iffusion through dentin. The analysis of variance showed a statistically
ignificant higher diffusive hydrogen peroxide flux through the young-
eeth group (p � 0.04). The cumulative amount of diffused hydrogen
eroxide was twice as high in young teeth (2.01 � 10�6 mol) than in
ld teeth (1.09 � 10�6 mol) (Fig. 3).

Discussion
One of the major concerns of a practitioner undertaking a walking

leach on a discolored pulpless tooth is to find a compromise between
he esthetic result, the risk of initiating an external root resorption, and
he time necessary to obtain the best esthetic result. Using peroxide
arbamide instead of hydrogen peroxide is a good compromise because
his materials releases hydrogen peroxide at a lower rate and at lower
oncentrations than hydrogen peroxide (14) and gives satisfying es-

ABLE 2. Hydrogen Peroxide Diffusion Through Old Human Dentin, From a
0% Peroxide Carbamide Gel

Mean
Amount
of H2O2

(mole)

Standard
Deviation Minimum Maximal

t0 0 0 0 0
1h 6.1 � 10�7 4.3 � 10�7 0 1.2 � 10�6

24 h 4.3 � 10�7 1.0 � 10�7 0 8.7 � 10�7

48 h 4.8 � 10�8 5.1 � 10�8 0 1.7 � 10�7

120 h 8.1 � 10�9 1.7 � 10�8 0 6.4 � 10�8

he diffusion is high during the first hour before slowing down from 24 hours to 120 hours.

H2O2 diffusion through old dentin

y = 6E-07e-0,0378x

R2 = 0,9277
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igure 2. Correlation between hydrogen peroxide diffusion through old dentin
nd time. Diffusion is the inverse of an exponential (y � 6 � 10-7 e-0.037 t) with

n asymptote never crossing the x-axis.
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hetic results (19). That is why a 20% carbamide peroxide gel, com-
ercially designed for the walking bleach technique, was used in this
ork. The design of the study was derived from a common design using
xtracted premolars (8). The main difference lies in the use of two
roups of teeth in function of the patient age. This study demonstrated
hat diffusion through young dentin was twice as high as through old
entin. This suggests that young teeth should respond better to the
alking bleach technique than the old teeth (20). Building homoge-
eous groups of teeth with the same dentin permeability is important;
ome authors compared different 10% peroxide carbamide gels and
ound statistically different hydrogen peroxide diffusions (21). They
oncluded that variations in additional agents modified the outcome of
he study, but they did not check out differences in dentin permeability.

The correlation analysis showed that the diffusion rate was not
inear but inversely exponential. Figures 1 and 2 clearly show a linear
orrelation between hydrogen peroxide diffusion and time during the
irst part of the experimentation. After this, the diffusion slows down and
lmost stops after 120 hours. From a clinical point of view, this means
hat maintaining the bleaching product beyond the optimal renewal rate
80% of the maximal diffusion) does not involve further significant
iffusion. This also means, from a theoretical point of view, that the
oefficients representing hydrogen peroxide diffusion through dentin,
uch as D and P, must be calculated from data resulting from diffusion
imes shorter than the optimal renewal rate to be clinically relevant. For
xample P, for young teeth, calculated from the data at 24 hours is 3.12

10�6 cm/min but is of 0.75 � 10�6 cm/min when calculated from
ata recorded at 120 hours. This also explains why a linear correlation
etween hydrogen peroxide diffusion and time should be established
efore drawing any conclusion from this type of work.

Some studies already recorded hydrogen peroxide diffusion
hrough dentin from a peroxide carbamide gel but only at one time
oint, generally after 30 minutes or 1 hour (22). Unfortunately, com-
arisons among studies are not valid when they are based on compar-
sons between hydrogen peroxide diffusion because they depend on the
arameters of the study (16). Only comparisons among studies relying
n D (diffusion coefficient) or P (permeability parameter) are valid
ecause this calculation cancels out the parameters of the study such as
emaining dentin thickness or initial concentration. The present work
howed that the complete hydrogen peroxide diffusion, from a 20%
eroxide carbamide gel, took about 15 days (352 hours) through young
entin and about 12 days (291 hours) through old dentin. This is in
greement with another study that showed a small diffusion at 7 days
ith another carbamide peroxide gel (14). The maximal diffusion ob-

ained after this diffusion time was 2.31 � 10�6 mol for the young teeth
nd 1.14 � 10�6 mol for the old teeth. From a theoretical point of view,
he diffusion stops when the same concentration is reached on both
ides of dentin. Therefore, the maximal diffusion should be the same for
oth groups because the driving concentration was the same on young
nd old teeth. In fact, the difference is related to a higher diffusion rate
hrough young dentin than through old dentin associated with a longer

ABLE 3. Time Necessary for Diffusion and Maximal Diffusion of Hydrogen
eroxide, From a 20% Peroxide Carbamide Gel, Through Young and Old
entin

Time Necessary
for Complete

Diffusion
Maximal Diffusion

Young dentin 352 hours 2.31 � 10�6 mol
Old dentin 291 hours 1.14 � 10�6 mol

iffusion through young dentin is longer than through old dentin and leads to a 2.02 times higher
iffusion.
iffusion time (352 hours vs. 291 hours). Diffusion through old dentin
ay be reduced by a small dentinal tubule diameter and by intratubular

eposits that increase the possibility of interaction between the diffusing
olecule and tubule contents (23).

This study was undertaken to record the time-course diffusion of
ydrogen peroxide through human dentin in order to determine the
ptimal renewal time. In this work, the optimal renewal rate was arbi-

rarily defined as the time necessary to obtain a diffusion equivalent to
0% of the maximal diffusion. Because the relationship between the
iffusion and time is inversely exponential, this value corresponds to the
oint beyond which a longer diffusion time does not bring any clinically
ignificant effect. The optimal renewal time was 33 hours for young teeth
nd 18 hours for old teeth, respectively. These results have other clinical
mplications. First, a dentist aiming at obtaining the fastest results, with-
ut spending too much chairtime, should renew the peroxide carbam-

de gel every 18 hours in old teeth and every 33 hours in young teeth
ntil achieving the desired esthetic result. In practice, this renewal can
e done every day in old teeth and every other day in young teeth. This
ill not decrease the appointment number but will accelerate the total

reatment time and the possible subsequent prosthetic treatment in case
f failure. A longer renewal rate, such as a weekly rate, frequently used

or convenience reasons, will delay the result because the supplemen-
ary days will not lead to any significant hydrogen peroxide diffusion.
owever, a daily renewal rate on young teeth will shorten the treatment
ompared with the 2-day regimen, but renewing the peroxide carbam-
de gel every day is fastidious and chair-time consuming. Therefore, it
an be recommended to renew the peroxide carbamide every day on old
eeth and every other day on young teeth. Leaving carbamide peroxide
or a longer period of time in case of refractory tooth makes no sense.
dditional renewals would be preferred in this situation. Second, hy-
rogen peroxide diffusion through young dentin is 2.02 (2.31 � 10�6/
.14 � 10�6) times higher than through old dentin. This means that the
hitening treatments performed on young teeth will take less time than
n the old teeth. This is very interesting because the walking bleach

echnique is generally used to whiten traumatized front young teeth.
nfortunately, few clinical studies exist stratifying the results obtained
ccording to the ages of the patients.
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